Introduction
Platelets are best known for their role in hemostasis and thrombosis. Platelets have additional roles in inflammation, angiogenesis and wound healing. The association between hemostasis and malignancy was first recognized by Professor Armand Trousseau in 1865 when he described cases of primary thrombophlebitis occurring in patients with occult malignancy. Because of these original findings, clinical data have confirmed the association of thrombosis and malignancy. 1 Further establishing a link between abnormalities of the coagulation system and cancer, studies have shown that platelet count can be a prognostic factor; with patients presenting with thrombocytosis having a poor survival in a variety of cancers. [2] [3] [4] Tumor cells and platelets exist in a symbiotic-like relationship with the survival of tumor cells directly linked to their interaction with platelets. 5 Platelets aid cancer cells in completing their journey to metastatic sites in a variety of ways including coating tumor cells to help them evade the immune system, shielding tumor cells from high shear forces, aggregating tumor cells and platelets to embolize to new extravasation sites, and facilitating the adhesion of tumor cells to the vascular endothelium. 6, 7 However, these mechanistic aspects of the interaction between tumor cells and platelets are under appreciated.
Platelet activation by tumor cells may be one mechanism by which platelets are influenced by the presence of malignancy. It is recognized that platelets and tumor cells interact leading to platelet aggregation via known platelet agonists. Using several different cell lines it has been demonstrated that various human and animal tumor cells have the ability to aggregate platelets and that this capacity correlates with the tumor's metastatic potential. [8] [9] [10] [11] [12] [13] [14] [15] In addition, platelet activation has been established in several malignancies. 6 Further support of the interaction between platelets and tumor cells is the recent advancements demonstrating antiplatelet agents can impact malignancy. Patients with malignancy who ingest aspirin, a known platelet inhibitor, have decreased rates of metastatic spread and improved survival. 16 We hypothesized that tumor cells could manipulate the platelet's ability to regulate angiogenesis by "hijacking" the platelet which prompted us to ask; do platelets regulate physiologic and pathologic angiogenesis? This could occur through multiple mechanisms, including promoting the interaction of tumor cells and platelets, increasing the net angiogenic potential of the platelet by manipulating its angiogenic protein content, or alternatively inducing preferential release of pro-angiogenic factors from platelets. It is well-established that platelets carry a multitude of angiogenesis regulatory proteins in their ␣ granules, and the normal ranges of angiogenesis regulators have been characterized in human platelets and in the platelets of patients with malignancy. 17 Our laboratory has shown that platelets store angiogenic factors in distinct ␣ granules and that these granules can be differentially released in the presence of the thrombin agonists; with PAR1 resulting in the release of VEGF and PAR4 resulting in release of endostatin. 18 Others have shown that differential release is not limited to angiogenic factors and also affects known hemostatic factors. 19 The platelet agonist, adenosine diphosphate (ADP) has also been shown to induce differential release. 20 While these studies have focused on the secretion of individual angiogenesis regulatory proteins, the effect on the overall angiogenic potential of the released contents and physiology of the platelet remains unresolved.
In the present report, we expand our understanding of how platelets regulate new blood vessel growth. The results suggest that platelet agonists as well as tumor cells can manipulate new blood vessel growth by stimulating the differential release of angiogenesis regulatory proteins from platelets. In addition, our data suggests that the antiplatelet drug, aspirin may block the differential release of angiogenic regulators from platelets thereby inhibiting angiogenesis.
Methods

Preparation of resting platelets
Human blood collection was performed in accordance with ethics regulation with Brigham and Women's Hospital Institutional Review Board approval. Platelets were isolated from approximately 10 healthy volunteers as described. 18 Volunteers did not ingest aspirin or nonsteroidal antiinflammatory drugs for at least 10 days. For the experiments involving aspirin, volunteers consumed aspirin for at least 5 days. Platelet number was counted by FACS and adjusted to 2 ϫ 10 8 /mL. The resting state of the platelets was confirmed by P-selectin antibody labeling. In vitro aspirin exposure was performed by pre-treating platelet-rich plasma with 100M of lysine-aspirin (gift of Dr Tanya Laidlaw, Brigham and Women's Hospital) for 1 hour before platelet isolation.
Activation of platelets
Release of ␣ granules was examined in vitro in response to 25M ADP (Biodata), 100M Thromboxane A 2 (Caymen), 10M PAR4, or exposure to MCF-7 cells (3 ϫ 10 6 /mL) in fresh media. Platelets were exposed to the agonist for 10 minutes at 37°C before collecting the releasate or processed for immunofluorescence microscopy.
Immunofluorescence microscopy
Mouse anti-VEGF antibody was obtained from Lab Vision and rabbit anti-endostatin antibody was the generous gift of the Folkman laboratory. Platelet immunofluorescence labeling was performed as previously described and samples analyzed on a Nikon TE 2000 Eclipse microscope equipped with a Nikon 100ϫ/1.4 NA objective and a 100-W mercury lamp. 18 Images were acquired with a Hamamatsu Orca IIER CCD camera and analyzed using Molecular Devices Metamorph software.
Angiogenic protein quantification
VEGF and endostatin concentrations were determined in triplicate using the Quantikine human ELISA assay according to the manufacturer's instructions (R&D Systems) using 200 l of platelet releasate. Concentrations of VEGF and endostatin were corrected for platelet count and statistical significance was determined using the Student t test.
Angiogenesis antibody array
To assess the overall angiogenic potential of the releasate generated by platelets after exposure to various stimulants, the RayBio Human Angiogenesis Antibody C-1000 (RayBiotech, Inc) was screened according to the protocol.
Capillary tube formation assay
Capillary tube formation was used to assess the angiogenesis potential of releasates generated from resting platelets or platelets stimulated with agonists using the Millipore Capillary Tube Formation Assay kit in duplicate. After 6 hours of incubation, tube formation was quantified. 5 fields were imaged (at 4ϫ and 20ϫ magnification) with differentialinterference-contrast microscopy using a Zeiss Axiovert microscope and the degree of tubulogenesis was quantified by counting branch points. Independent assays were averaged and statistical analysis was performed using the Student t test.
HUVEC Migration
The bottom chamber of a transwell plate (Corning) was precoated with 0.5% gelatin. HUVECs in serum free media were seeded in the media and 1 ϫ 10 4 /mL cells were inoculated into the upper chamber of each Transwell with the releasate from 2 ϫ 10 8 /mL platelets generated under experimental conditions placed in the bottom chamber. After 24 hours of incubation, the cells were fixed and stained with Diff-quik (Siemens), and the number of cells on the bottom of the filters was counted for 3 microscope fields. The results are shown as the percentage of cells that migrated to the bottom of the filter. Each experiment was performed in duplicate. Results from independent assays were averaged and statistical analysis was performed using the Student t test.
Results
ADP mediated release of VEGF from washed platelets
To determine whether physiologic agonists could stimulate the preferential release of angiogenesis regulatory proteins from human platelets, we treated resting platelets with a variety of platelet agonists and assayed for release of pro-angiogenic VEGF and anti-angiogenic endostatin. In Figure 1A , washed platelets are treated with various concentrations of ADP to determine the dose required for maximal VEGF release after 10 minutes of stimulation. At 25M, a statistically significant increased amount of VEGF was present in the releasate from platelets. The amount released was 55.71 Ϯ 13.92 pg VEGF/mL. In Figure 1B , addition of ADP at the maximal concentration was found to release VEGF after Ͼ 5 minutes of stimulation. The net mean for VEGF release from washed platelets exposed to 25M ADP for 5 minutes was 150.3 Ϯ 13.72 pg VEGF/mL compared with 12.50 Ϯ 0.500 pg VEGF/mL for washed platelets that were unstimulated. Treatment of washed platelets with 25M ADP for 10 minutes yielded 102.8 Ϯ 23.47 pg VEGF/mL and 15 minutes yielded 107.9 Ϯ 20.08 pg VEGF/mL. Based on these findings, stimulation of washed platelets with 25M ADP led to a maximal VEGF release at 5 minutes, which was an 87.5% increase in VEGF in the releasate of washed platelets. To test the specificity for ADP receptors, 3 ADP antagonists were used that blocked either P2Y 1 (A2P5P and A3P5P) or P2Y 12 (MRS2395; Sigma-Aldrich). Figure  1C demonstrates that all of the antagonists blocked ADP-mediated VEGF release. This was verified by immunofluorescence as pretreatment of platelets with A2P5P before exposure to ADP was not associated with release of VEGF. Activation of platelets in response to ADP and other agonists was verified by determination of cell surface P-selectin expression by phycoerythrin-conjugated anti-P-selectin (CD62) antibody labeling and detection by flow cytometry.
To visualize the differential release at the cellular level, we used immunofluorescence antibody labeling techniques. The washed platelets were stained with an antibody for VEGF and endostatin in double labeling experiments. In Figure 1D , in comparison to resting platelets treatment of platelets with 10 m ADP resulted in retention of ␣ granules which were labeled separately with both VEGF and endostatin with scant areas of overlap as shown in these representative images. The addition of 25M ADP led to retention of ␣ granules that predominantly stained positive for endostatin with release of VEGF ( Figure 1D and supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Because our previous work showed that VEGF and fibrinogen were stored in the same granule population, we repeated our immunofluorescence with staining for fibrinogen instead of VEGF. In Figure 1E , fibrinogen staining was no longer present in ␣ granules after stimulation of the platelets with ADP (25M). To quantify the difference in granule staining we counted the number of VEGF and endostatin staining granules to verify that after treatment with ADP, less VEGF containing granules were visible as shown in Figure 1F . This suggests that the VEGF (and fibrinogen) have been released from the platelets and present in the releasate, as confirmed in the VEGF ELISAs ( Figures  1A-C) . Because of the intra-and inter-variability in levels of VEGF in individuals these images and representative concentrations depict qualitative evidence that platelet activation with ADP can influence the release of VEGF from platelet ␣ granules. Because the immunofluorescence data would suggest that the endostatin remained localized to the ␣ granules, we measured the releasate to determine the quantity of endostatin present. In Figure 1G there was no significant increase in endostatin concentration in the releasate of platelets that were treated with ADP versus resting platelets.
TXA 2 -mediated release of endostatin from washed platelets
If ADP stimulates the preferential release of angiogenesis promoters, then other physiologic agonists may trigger the secretion of angiogenesis inhibitors. To test this hypothesis, we screened other platelet agonists including epinephrine, collagen, thrombin and thromboxane A 2 . We found that exposure to TXA 2 led to the opposite effect of ADP. Using immunofluorescence microscopy, it is evident that the ␣ granules retained VEGF but that endostatincontaining granules were no longer visible ( Figure 2A and supplemental Figure 2 , in comparison to the image of resting platelets in Figure 1D ). To quantify the difference in granule staining we counted the number of VEGF and endostatin staining granules ( Figure 2B ). To verify that the endostatin that had been secreted was contained in the releasate, we used an endostatin ELISA. The concentration of endostatin in the releasate was significantly elevated in the platelet samples that had been activated by TXA 2 in comparison to the releasate of resting platelets, and similar to the release observed after activation with PAR4 ( Figure 2C ). The amount of endostatin released from the resting platelet was 0.2508 ng/mL, whereas the amount released from platelets activated with TXA 2 was 0.4363 ng/mL (P ϭ .01). In Figure 2D , we confirmed that TXA 2 activation did not lead to a statistically significant release of VEGF in comparison to platelets. To further explore the release of endostatin by TXA 2 , a concentration curve BLOOD, 4 AUGUST 2011 ⅐ VOLUME 118, NUMBER 5 For personal use only. on April 5, 2017 . by guest www.bloodjournal.org From was performed which revealed that a statistically significant amount of endostatin was released at a TXA 2 concentration of 100M (0.293 ng/mL P ϭ .01; Figure 2E ). Figure 2F shows that pretreatment with an antagonist of TXA 2 led to a statistically significant decrease in endostatin release from platelets (P Ͻ .05). These studies show that platelets activated by TXA 2 can differentially release endostatin from their ␣ granules.
Releasate from platelets activated with ADP has an overall pro-angiogenic potential
To examine the physiologic relevance of our findings, we analyzed the capacity of specific platelet releasates to promote angiogenesis. Based on the increased amount of VEGF in the releasate generated by ADP activation, we hypothesized that platelets stimulated with ADP would yield a more pro-angiogenic net potential. We used a variety of known angiogenesis assays including the EC migration assay and the capillary tube formation assay. Platelets from normal healthy controls were isolated and either allowed to rest or activated with the known platelet agonist ADP. The releasate from these activated platelets was collected and added to endothelial cells. Releasate from 2 ϫ 10 8 /mL ADP-activated platelets, in comparison to resting platelets, resulted in significantly more endothelial cell migration ( Figure 3A ; P Ͻ .05), suggesting that ADP-activated platelets generated a more pro-angiogenic releasate. We also used the capillary tube formation assay as another means of measuring the angiogenic potential of releasate derived from 2 ϫ 10 8 /mL ADP-activated platelets. Again, there is an increased angiogenic potential of the releasate derived from platelets activated with ADP ( Figure 3B ). As shown in Figure 3C , there is a statistically significant difference in the number of branch points between the 2 groups with mean number of branch points in the platelet group 89.75 Ϯ 3.119 compared with 155.35 Ϯ 8.9 in the plateletϩADP group (P Ͻ .05). Platelet buffer alone, or with the addition of ADP without platelets, did not demonstrate increased levels of endothelial cell migration or capillary tube formation (data not shown).
Given that the overall net angiogenic potential of ADPgenerated platelet releasate was pro-angiogenic, we identified the 
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angiogenic factors present in the releasate. We therefore assessed the angiogenic protein content in the releasate of platelets exposed to ADP as shown in Figure 3D . Presence of angiogenic proteins in the releasate was detected using human angiogenesis antibody arrays. This array identified several pro-angiogenic factors that were elevated in the releasate of ADP activated platelets in comparison to the releasate from resting platelets. Some of the increased proteins include angiopoeitin 1 and 2, GM-CSF, IL-1␣, IL-2, IL-4, p-9, Tie-2, and uPAR (supplemental Table 1 ). Factors that were associated with Ͼ 1.5-fold increase included Angiopoietin-1 and -2, IL-2, IL-4, and TNF-␣.
Releasate from platelets activated with TXA 2 has an overall anti-angiogenic potential Based on the increased amount of endostatin in the releasate generated by TXA 2 activation, we hypothesized that platelets stimulated with TXA 2 would yield a more anti-angiogenic net potential. Platelets were activated with TXA 2 and endothelial cells were exposed to the releasate. A significant decrease in endothelial cell migration was observed using the releasate generated from 2 ϫ 10 8 /mL platelets ( Figure 4A ). Strikingly, there was also no capillary tube formation visible ( Figure 4B ). This lack of capillary tube formation is reflected in a statistically significant decrease in the number of branch points with 89.75 Ϯ 3.1 in the platelet group and 25.00 Ϯ 13 in the plateletϩTXA 2 group (Figure 4C ; P Ͻ .05). Platelet buffer alone or with the addition of TXA 2 without platelets did not demonstrate increased levels of endothelial cell migration (data not shown).
MCF-7 cells stimulate differential release of VEGF and promote angiogenesis
Because it is well known that tumor cells and platelets interact and that this interaction can lead to platelet activation we explored whether or not tumor cells could initiate differential release from platelet ␣ granules. Interaction of platelets with MCF-7 cells led to a significant increase in VEGF concentration in the releasate (8.735 pg/mL Ϯ 2.520 vs 69.82 pg/mL Ϯ 17.03; P Ͻ .05; Figure 5A ). The highest amount of VEGF released was produced after coincubation with the MCF-7 cells for 10 minutes ( Figure 5B ). The release of VEGF was partially blocked by exposure to the ADP antagonist, A2P5P suggesting that ADP is involved in the process of platelet activation. Platelets preexposed to A2P5P before interacting with the MCF-7 cells had a statistically significant decrease in VEGF release compared with the platelets that were directly exposed to the MCF-7 cells (69.82 pg/mL Ϯ 17.03 vs, 16.24 pg/mL Ϯ 2.21, P Ͻ .05; Figure For personal use only. on April 5, 2017. by guest www.bloodjournal.org From 5A). To confirm that VEGF was only released during exposure to MCF-7 cells, as suggested by our immunofluorescence data, we performed an ELISA to measure endostatin and showed that the amount of endostatin measured in the releasate was not statistically significant ( Figure 5C ). In all of these experiments the MCF-7 cells activated the platelets leading to differential release of VEGF as measured both by ELISA and by immunofluorescence microscopy. There was not a significant increase in the amount of endostatin in the releasate in the platelets after coincubation with MCF-7 cells (0.2367 ng/mL Ϯ 0.07 vs 0.6275 ng/mL Ϯ 0.18; P ϭ .08). The amount of endostatin released from the MCF-7 cells alone however was higher (1.174 ng/mL Ϯ 0.236). We visualized these changes using immunofluorescence microscopy ( Figure 5D ). Platelets that have been exposed to MCF-7 cells retain endostatin but lack VEGF. To quantify the difference in granule staining we counted the number of VEGF and endostatin staining granules to verify that after exposure to MCF-7 cells, less VEGF containing granules were visible ( Figure 5E ). To make sure these findings were specific only to the tumor cell line, we demonstrated that nontumor associated human fibroblasts did not have an increase in VEGF release when incubated with platelets (data not shown). To examine the physiologic relevance of our findings, the capacity of specific releasates to promote angiogenesis was assessed. Based on the increased amount of VEGF in the releasate generated by MCF-7 cell mediated activation, we hypothesized that platelets exposed to tumor cells would yield a more pro-angiogenic net potential. The 2 ϫ 10 8 /mL platelets and MCF-7 cells interacted for 10 minutes and the releasate was tested in standard angiogenic assays. An increased endothelial cell migration was observed when platelets were exposed to MCF-7 cells in comparison to platelets alone or MCF-7 cells ( Figure 5F ). We also used the capillary tube formation assay to show that platelets exposed to MCF-7 cells generate a releasate that is pro-angiogenic, with a more complex meshwork of capillary tubes in comparison to the releasate of resting platelets or MCF-7 cells alone ( Figure 5G ). In Figure 5H , there is a statistically significant difference in the number of branch points between the 2 groups with a mean number of branch points in the platelet group of 89.75 Ϯ 3.119 compared with 138.5 Ϯ 10.6 in the plateletϩMCF-7 group (P Ͻ .05). A statistically significant increase in capillary tube formation was not observed when MCF-7 cells alone were used.
Because the overall net angiogenic potential of the MCF-7 tumor cell platelet releasate was pro-angiogenic, we assessed the angiogenic protein content in the releasate of platelets exposed to MCF-7 cells ( Figure 5I ). Expression of angiogenic proteins in the releasate was detected using angiogenesis antibody arrays. In this comparison, we took into consideration factors released directly from the MCF-7 cells. The proteins that were elevated in the releasate of platelets exposed to MCF-7 cells included EGF, GRO, IFN-␥, PDGF-␤b, PLGF, and TIMP-1, all of which were associated with Ͼ 1.5-fold increase (supplemental Table 1 ). Of note, the expression of Rantes was highly significant and was associated with a 10-fold increase in the releasate from platelets exposed to MCF-7 cells as opposed to the releasate from MCF-7 cells themselves.
Physical contact between platelets and MCF-7 cells is not necessary for differential release of VEGF
The preferential release of VEGF from platelets could be driven by direct interaction of MCF-7 cells with platelets, by the secretion of a factor from the tumor, or a combination of both. To discriminate between these possibilities, we used the Transwell apparatus. Platelets were placed in the top well in platelet buffer, and MCF-7 cells in media were placed in the lower chamber. Platelets were exposed to the MCF-7 cells in the transwells for various lengths of time and then the platelets in the top chamber were collected for analysis. In these experiments, the VEGF in the releasate from the platelets that had been exposed to the MCF-7 cells in the bottom chamber was significantly increased (7.406 pg/ mL Ϯ 5.8 vs. 85.92 pg/mL Ϯ 28.10, P Ͻ .05; Figure 6A ). Pretreatment of the platelets with the ADP antagonist A2P5P did not lead to a significant decrease in the amount of VEGF produced (85.92 pg/ mL Ϯ 28.10 vs. 64.21 pg/mL Ϯ 17.17; P Ͼ .05). To examine the physiologic relevance of our findings, we again analyzed the capacity of specific releasates to promote angiogenesis. The platelets were exposed to MCF-7 cells for 10 minutes in the transwells and then the releasate was collected and used in standard angiogenic assays. There was increased endothelial cell migration For personal use only. on April 5, 2017. by guest www.bloodjournal.org From when the platelets were exposed to MCF-7 cells in comparison to platelets alone ( Figure 6B ). In Figure 6C , the capillary tube formation assay showed that platelets exposed to MCF-7 cells in the transwell apparatus create a releasate that is pro-angiogenic, with more complex meshwork of capillary tubes than that generated without exposure to MCF-7 cells. In Figure 6D , there is a statistically significant difference in the number of branch points between the 2 groups with a mean number of branch points in the platelet group of 89.75 Ϯ 3.119 compared with 171.5 Ϯ 40 in the platelet coincubated with MCF-7 in transwell group (P Ͻ .05).
Aspirin inhibits the release of VEGF from platelets and suppresses angiogenesis mediated by MCF-7 cells or ADP
To determine whether aspirin could block the release of VEGF and also the angiogenic potential of platelets activated with MCF-7 cells or ADP, we performed these experiments in the presence of aspirin. Platelets were pretreated with aspirin (100M) and the release of VEGF was assayed after exposure to MCF-7 cells or ADP. Platelets exposed to aspirin produced less VEGF in the resting state and also after exposure to ADP or MCF-7 cells ( Figure  7A ). In comparison to platelets without exposure to aspirin, there is a statistically significant decrease in VEGF release in each treatment group. Treatment with aspirin before exposure to ADP or MCF-7 cells led to a decrease in angiogenic potential of the releasate generated from platelets. In Figure 7B , we demonstrate that pretreatment with aspirin decreased endothelial cell migration either alone or after exposure to ADP or MCF-7 cells. The decreased angiogenic potential is also displayed in Figure 7C in which capillary tube formation was not observed after exposure to the releasate generated from platelets pretreated with aspirin before ADP or MCF-7 cell exposure. To look at the effect of aspirin on platelet-mediated angiogenesis in vivo, blood was drawn from 3 subjects who had been taking aspirin (81mg) for 5-7 days prior. In the case of all 3 subjects, the VEGF released was decreased in the resting state as well as after exposure to ADP or MCF-7 cells in comparison to platelets not exposed to aspirin ( Figure 7D ) and there was minimal capillary tube formation ( Figure 7E ). This demonstrates that pretreatment with aspirin decreases the amount of VEGF that is released from platelets in the resting state and also after activation with ADP or interaction with MCF-7 cells. Furthermore, the releasate generated from platelets after exposure to aspirin has a decreased angiogenic potential alone as well as after stimulation with ADP or interaction with MCF-7 cells.
Discussion
Because of their small size and the rheology of flowing blood, platelets are thrust against the endothelium by larger blood cells. We hypothesize that this proximity to, and the interaction with, the endothelium are key factors that allow platelets to modulate angiogenesis. Some of the first evidence suggesting that platelets influence new blood vessel development was reported by Gimbrone and others who showed that thrombocytopenia led to elevated vascular permeability. 21, 22, 23 Platelets play a critical role in regulating angiogenesis in wound healing. During wound healing there is likely to be a spatial and temporal control of the release of angiogenic regulators to allow for a balance of anti-and pro-angiogenic factors to regulate hemostasis and angiogenesis simultaneously. In this paper we show that angiogenesis regulatory proteins can undergo differential release under in vitro physiologic conditions. In the presence of the known platelet agonists ADP and TXA 2 there is differential release of VEGF and endostatin, respectively. Interestingly, agonist concentration and exposure times produced different concentrations of VEGF and endostatin which could be because of receptor saturation or the half life of these factors. The differential release of these angiogenic factors is partially blocked using specific antagonists. Our observations are consistent with publications of Ma et al and Bambace et al. 20, 24, 25 While these previous studies have analyzed the release of individual angiogenesis regulatory proteins by specific platelet agonists, the agonist-driven releasate of platelets contains a complex inventory of multiple angiogenesis regulatory proteins. To fully appreciate the angiogenic potential of the platelet releasate in a more physiologic context, we performed various angiogenic assays. Our work reveals divergent angiogenic effects in the releasate generated by ADP and TXA 2 , demonstrating that platelets can stimulate or suppress angiogenesis ( Figure 7F ).
Because platelets have been implicated in several forms of pathologic angiogenesis, we focused on their interaction with tumor cells. The growth of a tumor beyond 1-2 mm 3 requires the formation of new blood vessels. Like normal tissues, tumor cells require a blood vessel system to provide metabolites, oxygen, and a means of waste disposal. The role of platelets in tumor growth is supported by a large body of experimental and clinical data. Gasic and colleagues revealed the involvement of platelets in tumor progression, demonstrating that thrombocytopenia protected against metastasis. 26 Additional studies demonstrated that some tumors can induce platelet activation. While cancer cells have been shown to aggregate platelets and this may correlate with increased metastatic disease, the underlying mechanisms are not fully understood. 8, [26] [27] [28] In our experiments we show that exposure to the tumor cell line, MCF-7, led to differential release of VEGF from platelet ␣ granules, thus providing a mechanism to create a pro-angiogenic microenvironment for tumor growth. In support of this hypothesis, the releasate from MCF-7-stimulated platelets demonstrated an increased angiogenic potential. Interestingly, there is also an increase in the number of pro-angiogenic proteins present in the releasate, but many of the proteins are not the same as the pro-angiogenic proteins released during the process of activation with the platelet agonist ADP. This would imply that the process of platelet activation with MCF-7 cells involves stimulation with more than just ADP.
While our studies suggest that platelets may adhere to tumors and secrete their pro-angiogenic contents into the tumor microenvironment, additional mechanisms may stimulate this plateletmediated pro-angiogenic shift. For example, because platelets take up several proteins, they may scavenge tumor-cell-released angiogenic stimulators from the vasculature of the tumor. In support of this concept, cancer patients have higher levels of platelet VEGF and could therefore contribute an additional boost to the ongoing angiogenesis. In addition, this hypothesis might help explain why high platelet counts coincide with poor prognosis in patients. Elevated levels of platelets may lead to more deposition of pro-angiogenesis regulatory proteins into the tumor microenvironment. The observation that thrombocytopenic mice fail to form tumors provides additional evidence that platelets may be contributing to tumor growth. [29] [30] [31] The interaction of tumor cells and platelets is crucial to tumor survival and metastasis. Many studies have shown that tumor cells have the ability to induce platelet aggregation and that this is correlated positively with their metastatic potential in vivo. 6, [32] [33] [34] [35] [36] Our observation that MCF-7 tumor cells promote the differential release of pro-angiogenic proteins from platelets may explain why some of the inhibitors of platelet function, including aspirin and other antiplatelet agents can interfere with tumor metastasis and growth. 12, [37] [38] [39] [40] By understanding the mechanisms involved in specific types of tumor cell-induced platelet activation (TCIPA) we can better target platelet agents that may be beneficial for decreasing angiogenesis and limiting tumor growth and metastasis.
There are many pharmacologic agents that are known to block platelet function and are thought to have an anti-mestastatic effect. Regular use of aspirin has been associated with a risk reduction for colon cancer. 41 A recent study has shown that long-term use of aspirin can decrease the risk of death because of cancer. Many mechanisms have been suggested for how aspirin can impact malignancy including inhibition of cyclooxygenase, promotion of apoptosis, DNA mismatch repair, and inhibition of tumor cell proliferation by blockade of mitochondrial calcium uptake. Aspirin also functions as an inhibitor of TCIPA in vitro. 12, [37] [38] [39] [40] Yet another mechanism by which aspirin could modulate cancer is as an irreversible inhibitor of platelet activation with subsequent decrease in VEGF release and decrease in angiogenic potential as shown in "Aspirin inhibits the release of VEGF from platelets and suppresses angiogenesis mediated by MCF-7 cells or ADP." These anti-metastatic effects are not limited to aspirin as other antiplatelet agents such as P2Y 12 and GPII/IIIa antagonists also inhibit TCIPA. 34, [42] [43] [44] [45] [46] [47] Based on these findings, future work will focus on identifying the role platelet inhibition has on tumor cell-induced platelet activation and how this modulates the angiogenic capacity of the platelet releasate.
Understanding platelet-mediated angiogenesis and its impact on tumor growth has broad-reaching implications. Physiologic angiogenesis is a fundamental biologic mechanism that occurs in embryonic development, as the formation of a vascular system is one of the initial events in organogenesis. It also occurs in adults during wound healing, in the placenta during pregnancy, in the cycling ovary, and during restoration of blood flow to damaged tissues. Angiogenesis is regulated by a very sensitive interplay of growth factors and inhibitors, and their imbalance can lead to disease. In cancer, diabetic eye disease, age-related macular degeneration, cutaneous and gastric ulcers, and rheumatoid arthritis, extreme angiogenesis feeds diseased tissue and damages normal tissue. Insufficient angiogenesis underlies conditions such as coronary heart disease, stroke and delayed wound healing, where limited vessel growth leads to poor circulation. It is currently estimated that 500 million people worldwide would benefit from either pro-or anti-angiogenic therapies. 25 A better understanding of how angiogenesis regulatory proteins are transported and precisely delivered via platelets to areas of vessel development will yield strategies for targeted angiogenesis therapies.
